Phosphoryl transfer, typically involving high energy phosphate donors cuch as ATP, is the mo5t effect on this value. The Brwnsted PlravliIL: ~n,l,p \alue of -1.1 for phosphor);1 transfer to \\'ater frbb d series of common class of biological reactions. Despite this, the phospho'~nhydrldrs is large and negative, suggesting th,lt transition state for phosphoryl transfer from ATP in the bond between phosphorou< and the lcdving group colution hds not been systenlaticdlly investigated. o-xygen is largely broken in the trCul\itioll state. (Characterization of the transition state fol-the uncata- Conclusions: Uncatalyzed hydrolysis of ATP in \olutioll lyzrd hydrolysis of ATP would provide 'I starting point occurs via a dissociative, metaphosI7h,ltr-like transition for dissection of cnzynle-catalyzed reactions.
Introduction
The possible modes of conversion between the substrates and the products of a particular reaction may be represented by a free energy surface (Fig. 1 ). Substrates and products reside in energ wells on this surface, and the lowest energy course between these wells is traveled during the chemical transformation.
The transition state corresponds to the entity of maximum energy along this path of least resistance, and it is the free energy of this transient species that dictates the rate of a reaction, according to transition-state theory [ 11. An enzyme catalyzes a reaction by decreasing the energy of a transition ctate relative to reactants. An understanding of how enzymes achieve their enormous rate enhancements therefore begins with knowledge of the transition state for the uncatalyzed reaction.
The reaction of ATP with a nucleophile to produce ADP and a phosphorylated product is ubiquitous in biological chemistry (Fig. 2) . Enzymes catalyzing this type of reaction include gradient-generating ATPases, energy-trafficking kinases and signal-transducing G prc>-teitx. The transition states for phosphoryl transfer reactions, of which ATP and GTP hydrolysis are examples, are typically assigned to a position along a continuum between dissociative and associative extremes (Fig. 3) 12-41. The dissociative transition state has a small amount of bond formation to the incoming nucleophile, a large amount of bond cleavage to the outgoing leaving group, and charge donation from the nonbridging phosphoryl oxygen atoms to phosphorus (Fig. 3a) .
In contrast, the associative transition state has a large amount of bond formation to the incoming nucleophile, a small amomit of bond cleavage to the outgoing leaving group, and charge accumulation on the not]-bridging phosphor);1 oxygens (Fig. 3b) . The catalytic strategies adopted by enzymes for stabilization of dissociative transition states may thus be different from those used to stabilize associative transition states.
The proposal that a dissociative, metaphosphate-like transition state exists for the reactions of phosphate monoesters, acyl phosphate\ and phosphorylated amines is supported by a substantial amount of data, including nearzero entropies and volumes of activation. J large bridge '*O isotope effect, small Bronstcd P,,uc,rCLph,,c values and large negative values of &,,r\.lnq ~:n,up (for reviews see [2, 3] ). Phosphoanhydrides are &ialogous to phosphate monoesters in that they possess a single phosphoryl substituent, and it has been suggested that phosphoanhydrides also react via a dissociative transition state 15-l 01. No systematic study of phosphoanhydride reactions has been performed, however. In light of the prevalence of these reactions in biology and the importance of the transition state for understanding cata+is, we have mapped the transition state for hydrolysis of ATP and related phosphoanhydrides.
Linear free-energy relationships reveal a transition state with considerable dissociative character. 
Results and discussion
Linear free-energy relationships
The dissociative or associative nature of a phosphoryl transfer reaction is defined by the extent of bond formation between the incoming nucleophile and phosphorus and the extent of bond cleavage between phosphorus and the leaving group in the transition state (Fig. 3) . The slopes of linear free-energy relationships correlating the pK1 values (proportional to a standard free energy change) of a series of nucleophiles or leaving groups with log k (a linear function of the free energy of activation, where k is the rate constant for reaction) are known as Bronsted, or p, values.These p values provide a measure of the bonding present in the transition state and are thus useful probes of transition-state structure (for reviews of linear free-energy relationships, see [l, 11,121 bond formation between the nucleophile and phosphorus, together with a large and negative P,eai,,ng gn,up, which is suggestive of substantial transition-state bond cleavage between phosphorus and the leaving group, identify a phosphoryl transfer reaction as dissociative.The opposite trends (a large ~,~uc~eophllr and a less native @raving group) denote an associative transition state.
Nucleophilic involvement in the transition state A series of primary alcohols of varying pK, were used to investigate nucleophilic participation in the transition state for ATP hydrolysis. Two considerations determined the choice of nucleophiles: 1) although amine nucleophiles are more typically employed in Bronsted correlations of this sort, no reactions of amines with pyrophosphate were observed in preliminary experiments; and 2) the alcohols are chemical homologs of 7 P 01 0 0 0 . The identity of the salt used to maintain constant ionic strength had no effect on kobs, k,,,, kobsM'$ or krelMg and varying effect on k,,, or k,,, Mg.
the percent ROH from 1 O-50 % had only -2-fold effects on kobs and kobsMg and no significant Errors represent one standard deviation from an average of at least three determinations of k,,, or k,,,@. . The pK, of fluoroethanol was assumed to be identical to the pK, of chloroethanol because a single halogen substituent is expected to have less of an effect on pK, than three halogen substituents. A different value of pK, for fluoroethanol would have a negligible effect on ~nucleoph,te, because k,,, is largely independent of pK,.
*-
While the use of metal ions in biological catalysis may have been favored by the higher concentrations of metal ions than protons in vivo, it appears that the effects from ionic interactions with metal ions are often less than those from covalent interactions with protons.
that the metal ion alters the transition state for ATP isotope effect for Mg2+ coordination that is negligible hydrolysis. Likewise, no significant change in transitioncompared to the isotope effect for protonation [25] . state structure was observed upon coordination of Mg2+ Similarly, the increase in the symmetric P-O stretching or Ca2+ to P-nitrophenyl phosphate, a phosphate vibrational frequency of the y-phosphoryl group of ATP monoester ([23] ; see also 1241).
upon coordination of Mg*+ is only -l/20 of the increase upon protonation [26] .The absence of an effect of M$' Further support for minimal perturbation of ATP by bound metal is derived from a secondary 180 equilibrium coordination on Pequilibrium for formation of phosphorylated pyridines also suggests that the metal ion-promoted perturbation is small relative to that of a proton [24] .
Extent of bonding to the leaving group in the transition state The hydrolysis of a series of phosphoanhydrides was investigated to determine the effect of the leaving group on reactivity (Table 2) . A Bronsted plot ( Fig. 7) gives (Fig. 1, arrow a) , or do they perturb the energy surface for reaction in a way that alters the nature of its transition state (Fig. 1, arro\v b) ?
The simplest expectation for reaction of ATP and other phosphoryl donors at the active site of an enzyme is that the transition state follows the dissociative, metaphosphate-like transition state observed in solution, as this would require the least amount of stabilization to achieve a given rate enhancement. (3) The P-y bridging oxygen undergoes the largest charge increase
The P-r bridging oxygen developc <I ch,lrge of -0.55 during progression f?om ground state to transition state, the largest charge change of any of the atoms participating in the reaction (Fig. 8) . Consequently, it lvould seem to be a prime candidate for stabilization by metal ion\ or hydrogen bond donors, yet it is rarely mentioned in catalytic proposals.The catalytic potential of such interactions may be evw greater due to substrate destabilization (4) There is modest charge development on the p-phosphoryl nonbridging oxygen atoms Although the increase in negative charge on each p-nonbridging oxygen atom in the transition state, estimated to be -0.14, is considerably smaller than the increase on the P-r bridging oxygen (Fig. 8) , strengthened electrostatic and hydrogen-bonding interactions with the p-nonbridging oxygens could stabilize a dissociative transition state. Enzymes appear to catalyze reactions through multiple interactions that each provide '1 modest amount of transitioli-state stabilization 157-591. Figure 8b suggests two additional catalytic strategies. First, fixing the nucleophile with respect to the y-phosphoryl group at an active site can lower the entropic barrier for reaction, as observed in model phosphoryl transfer reactions [46] . Second, the change in charge in going from the ground state to the transition state has dipolar character, with the groups on one side of the transferred phosphoryl group becoming more positive and those on the other side more negative (Fig. 8b, colored red and blue, respectively) . This overall charge redistribution could be stabilized by enzymatic dipoles.
An overall inspection of
The effect of metal ions on nonenzyrnatic reactions of phosphoanhydrides can also be related to Figure Xb .There is little effect of coordination by Mg*+ or other divalent metal ions on the rate ofATP hydrolysis (Table 1 ; see also [N-64] ).
In addition, the rates of hydrolysis of various metal ion complexes of F-monothiopyrophosphate (pyrophosphate with the bridging oxygen atom substituted by sulfur) are essentially independent of the thiophilicity of the metal ions [65] . These small rate effects may result from an absence of interactions between the metal ions and the bridging atom, the atom that undergoes the largest change in charge in going from the ground state to the transition state ( Fig. Xb; see (3) , above). A further rationale for the small effects is that transitionstate stabilization from metal ion interactions with the P-phosphoryl nonbridging oxygens of ATP may be offset bY weakened transition-state interactions with the y-phosphoryl oxygens (see (2) and (4) . Peaks identified as phosphonate starting material and inorganic phosphate and amounting to -5% of the total product were also observed in the final preparations; this contamination was probably due to a small amount of phosphoryl phosphonate hydrolysis during processing and was shown not to affect the results obtained (see below).
Determination of ~nuc,eo,,hile
Reactions of pyrophosphate,ATP and GTP in alcohol/water mixtures were performed at 60°C in buffered solutions of ionic strength 0.4M [(CH,),NCl] for pyrophosphate, or ionic strength 0.1 M [NaCl or (CH,),NCl] in the presence of 0.1 mM ethylenediaminetetraacetic acid (EDTA) for ATP and GTP. The ATP and GTP reactions were also performed with 0.1-10 mM MgCl,.
Reaction mixtures contained 10 PM carrier ATP or GTP spiked with [y-"P]ATP or [y-"*P]GTP, or 300 FM pyrophosphate spiked with [32P]pyrophosphate to give -10" counts per minute (cpm) per k1.A IO-fold increase in the concentration of starting material had no effect on the observed absolute or relative rate constants, indicating that these reactions are independent of phosphoanhydride concentration. 3'P-NMR chemical shifts and proton-phosphorus coupling constants consistent with the expected products, inorganic phosphate and alkyl phosphate, were observed for analogous nonradioactive reactions. To determine absolute and relative rates, reaction aliquots were quenched at 0 "C at specific times, substrates and products were separated by thin layer chronratography (TLC) ( using polyethyleneimine (PEI) cellulose: 1 M LiCI, 0.3M sodium phosphate, pH 3.8 or 1 M LiCl, XmM sodium N-[2-acetamido]-2-iminodiacetic acid (NaADA), pH 6.3), and their ratios were quantitated by phosphorimager analytic (Molecular Dynamics).The ratio of alkyl phosphate to inorganic phosphate produced III alcohol/water mixtures was constant throughout the time course, indicating that no secondary reactions involving the reaction products were occurring. Faster reactions of GTP, ATP and pyrophosphate were shown to proceed to completion, so a substrate endpoint of zero was assumed for slow reactions that were not followed to completion. Pseudo-first-order rate constants (kob,d were obtained from nonlinear least-square fits (Kaleidagraph, Abelbcck Software) to an exponential curve. Fits were excellent (r >O.Y9) in all cases. Relative rate COW stants were determined from the fraction of total product present as alkyl phosphate in aqueous alcohol solutions, according to the equation in Figure 4 .
There was no change in krr, for each alcohol over a range of ), indicating that solvent effects from the alcohol present m the reaction mixtures did not affect the observed values of kre,. (In principle, each krrl value can be extrapolated to 0 % alcohol so that the values all correspond to reactions in the same solvent, water. The extrapolation is unnecessary in this case, however, because varying the alcohol percentage did not affect krr, for reaction of ATP in a particular alcohol.) The following considerations also suggest that the added alcohol does not alter the properties of the reaction; 1) there was no significant change in k HOH for reactlon of ATP, GTP or pyrophosphate as each alcohol was varied over the range of 1 O-50 %, nor was there a large difference (<2-fold) in k,,, observed in the presence of the different alcohols; 2) apparent pK,'s for the dianion to trianion and trianion to tetraanion of pyrophosphate were were within 0.5 pH units in water and the alcohol/water mixtures (titrations performed at 0, 20 and 50 % alcohol for ethanol and trifluoroethanol).
Solvolysis was followed
at three different pH values (pH values at 25°C: pH 7.5 in 50mM sodium N-[2-hydroxyethyllpiperazine-N'-[2-ethanesulfonic acid] (NaHEPES), and pH 9.1 or 10.0 in 50mM sodium &[N-cyclohexylaminolethanesulfonic acid (NaCHES)) for the NTPs to ensure that reaction of the appropriate ionic form war observed. Rates at pH 7.5 were within three-fold of those at pH 9.1 and rates were the same (within 10 %I) at pH 9.1 and pH 10.0, indicating that solvolyses of the NTP tetraanions were followed at the higher pH values. Similarly, solvolysis of pyrophosphate was followed at several pH values (pH values at 25 "C: pH 1 and 2 in 0.1 M or 0.01 M nitric acid, respectively; pH 4.1 in 0.1 M sodium formate; pH 5.2 in 0.1 M sodium acetate; pH 6.9 in 0.1 M sodium 3-[N-morpholinolpropanesulfonic acid (NaMOPS); pH 7.Y in 0. Endpoints were determined by effecting complete hydrolysis of each sample in 0.5 N HCl. Reactions exhibited first-order behavior, and first-order rate constants were obtained from nonlinear least square fits (Kaleidagraph, Abelbeck Software) to an exponential curve. Fits were good (r 10.98) in all cases.The reactions were monitored at several pH values (pH measured at 25'C: pH 9.1 or 10.0 in 50 mM NaCHES: pH 10.9 in 50 mM sodium 3-[cyclohexylamino]-l-propanesulfonic acid (NaCAPS); pH 12.6, 13.0 and 13.5 in 0.04, 0.1 and 0.3 N NaOH, respectively) to identify the pH-independent rate for the ionic species that gives transfer of PO,'-for each substrate (i.e., ADP"-, ATP'-). The presence of small amounts of phosphonate and inorganic phosphate in the three phosphoryl phosphonate substrates (see Synthesis above) did not influence the results, as demonstrated by the absence of a rate effect when these species were du-ectly added to control reactions.
Estimation of charges
The slope of a linear free-energy relationship plotting the log of an equilibrium constant, K,,, against pKa for a series of related compounds is Pequdlbrlum; it provides a measure of the change in 'effective charge' in going from substrate to product relative to a change in charge for the deprotonation equilibrium [2,7 11. In the case of phosphoryl transfer, a Pequll,brlum of -1.35 for the equilibrium: X0-PO,'-+ H,O m X0-+ HO-P0,2-+ H+ estmlateh an effective charge for the bridging oxygen of a phosphate monoester (X0-PO,'-) as +0.35 relative to X0-H [71]. The value of Pequllibrluln = -1.1 for the hydrolysis of phosphoanhydrider and related compounds (see Results and discussion) supplies the effective charge which develops on the leaving group in the transition state.This value estimates that -1.1 /-I .35 = 0.81 of the total charge change associated with the leaving group has occurred in the transition state. Knowledge of the charge on a leaving group oxygen before and after the reaction then enables estimation of its transition state charge by adding 0.81 of the total charge change on that atom to the charge present on that atom in the reactant. For example, the charge on the bridging oxygen changes from 0 in the reactant to -0.67 in the product; 0.81 x -0.67 is -0.55. so this charge is assigned to the bridging oxygen in the transition state. Similarly, charges of -0.64 are assigned to the nonbridging oxygens of the leaving group in the transition state. The Pnuclroph*le of 0.07 (see Results and discussion) places an approxunate charge of +C).O7 on the nucleophile in the transition state.The total leaving group charge of -1.83, the nucleophile charge of +O.O7, and the need to conserve an overall transition state charge of -3, then give a charge estimate of -1.24 for the phosphoryl group being transferred. This charge is assumed to be equally distributed among the oxygens of the metaphosphate-like transition structure, so the charge on a phosphoryl oxygen is estimated to be -0.41 in the transition state.These numerical estimates are presented to aid the qualitative analysis of potential catalytic mechanisms in the Results and discussion. Chemistry & Biology 1995, Vol 
